reported that N levels of 150, 300, and 600 kg·ha -1 had no significant effect on the percentage of broccoli buds showing brown bead. Low Ca levels associated with rapid growth were thought to be related to brown bead (Flint, 1985) , although this relationship was not clearly demonstrated (Steta, 1987) . In contrast, Pascual et al. (1996) reported that broccoli heads with brown bead had higher Ca content and lower K than healthy ones.
Broccoli grows best in the temperature range of 16 to 18 °C, with a minimum of 4 °C and a maximum of 24 °C (Maynard and Hochmuth, 1997) . High temperature has often been associated with the appearance of brown bead. In a controlled environment, temperatures above 30 °C have induced a greater percentage of heads with brown bead than under temperatures in the range of 15 to 25 °C (Steta, 1987) . In another study, the incidence of brown bead increased exponentially with increasing maximum temperature (22 to 38°C ) during the 5-d period preceding head maturity . Steta (1987) observed that high relative humidity (90%) reduced brown bead incidence, even under high temperature (35 °C). Brown bead may also be related to the presence of ethylene, involved in abscission and senescence induction in various fruits and vegetables (Sexton et al., 1985) . Plants treated with ethephon had 66% of the heads with brown bead, a significantly higher value compared with 0.3% for nontreated plants (Steta, 1987) .
The objectives of this study were to investigate, under field conditions, the relationships between the incidence and severity of brown bead, and variables characterizing the development rate, climate, and mineral nutrition of broccoli heads.
Materials and Methods
We refer to Jenni et al. (2001) for a complete description of the field layout, planting dates, and soil condition. In this 3-year study, data were collected for 50 variables (Table 1) from 328 plots (41 experimental fields × 4 N fertilization levels × 2 blocks). Plant density was calculated in each plot by counting the number of broccoli plants in two beds containing two rows over a 4-m distance. The incidence of brown bead was expressed as the percentage of plants presenting the symptoms (BBP, in %). A brown bead index (BBI, from 0 = no symptoms to 8 = very severe symptoms) expressed the severity of the symptoms and was evaluated on each head at commercial maturity according to Jenni et al. (2001) . Button stage was defined as the time when 50% of the heads were 2.5 cm or more in diameter, and commercial maturity as the time when at least 50% of the heads reached 10 cm in diameter.
Tissue and soil analyses. When broccoli plants reached the button stage in an experimental field, leaves were randomly sampled from each plot before 10:00 AM and two drops of sap were extracted from the ribs (Hochmuth, 1994) . Three measurements of tissue NO 3 -N were made using a Nitrachek kit (Geneq, Montréal). Tissue analysis was performed on Brown bead is a physiological disorder that was first observed in broccoli (Brassica oleracea L., Italica group) in the 1970s during a production boom in California. Subsequently, brown bead was responsible for the abandonment of substantial acreage and loss of product quality in this state (Steta, 1987) . Restriction of the production to areas and periods more suitable for the climatic requirements of broccoli as well as use of more resistant varieties considerably reduced the occurrence of the disorder.
Broccoli is one of Canada's 10 major imported fresh vegetables, with 76,000 t of broccoli imported in 1998 (Agriculture and AgriFood Canada, 1999) . In 1999, 19,000 t of broccoli were grown on 1500 ha of land in the province of Quebec, which represented 57% of the Canadian production. Presently, brown bead is responsible for up to one-third of the field rejects. Up to now, little work has been done on understanding the causes leading to brown bead. Under field conditions, Steta a sample of four broccoli heads randomly harvested at commercial maturity from the two central beds of each plot. Head florets were cut at 0.5 cm and dried at 21 °C for 48 h. Determination of P, K, Ca, Mg, B, Cu, Fe, and Mn in head tissue was performed by inductively coupled plasma optical emission spectrometry (ICP-OES), and determination of N was made by segmented-flow analysis (SFA) using Isaac-type digestion (Isaac and Johnson, 1976) . Sulfur and molybdenum were measured by ICP-OES in a nitric acid digestion for S (Havlin and Soltampour, 1980) and after dry ashing for Mo (Gupta, 1998) . For soil analysis purposes, four subsamples of soil were randomly taken from each plot in each experimental field. The four subsamples were homogenized to constitute one soil sample on which pH and organic matter were determined (McKeague, 1978) . Phosphorus, K, Ca, Mg, B, Cu, Fe, and Mn were determined in these soil samples by ICP-OES using Mehlich 3 extraction (Mehlich, 1984) , whereas nitrate content was measured by SFA using 2 M potassium chloride extraction (Bran Luebbe Analyzing Technologies, 1989) .
Meteorological data. A CR-10X datalogger (Campbell Scientific, Edmonton, Alta.) located on the farm site recorded readings every 10 mn, and averaged or totaled the recorded data every hour. The following meteorological variables were recorded: average air temperature (°C) at 1.2 m, average relative humidity (%, Vaisala 50Y temperature and relative humidity probe), total solar radiation (kJ·m -2 , LI-COR Silicon Pyranometer), total rain (mm, Texas Electronics Tipping Bucket Rain Gauge), and average wind speed (m·s -1 , RM Young Wind Monitor). In addition, two TruChek rain gauges (Geneq) were placed in each experimental field to estimate the cumulative height of irrigation water (mm). For each type of meteorological variable, an average (temperature, relative humidity, wind) or sum (solar radiation, precipitation including irrigation) was calculated over the three following periods: 1 week following the button stage, from the button stage to commercial maturity, and 5 d preceding commercial maturity.
Development rates. For each experimental field, development rates were defined as (1·t -1 ) × 100, where t (in days) is the time required to complete a development process from planting or direct seeding to the button stage (TXBU) or to commercial maturity (TXMA).
Statistical analyses. We refer to Jenni et al. (2001) for the preliminary treatment of the data as well as the detection of outliers. Data from the 3 years were combined in order to allow the examination of trends and relationships over the entire range of the environmental variables during the course of the experiment. This was consistent with the random nature of the year factor in the analyses of variance performed by Jenni et al. (2001) . To investigate the relationships between the BBP and BBI variables and the other quantitative variables in the data set, Spearman's rankbased correlation coefficients were analyzed using SAS procedure CORR (SAS Institute, 1997). Multiple-regression models for the prediction of the BBP and BBI variables were generated using the stepwise selection of variables in the SAS procedure REG (SAS Institute, 1997). The significance level for a regressor to remain in the model was set at 0.1.
Results
Spearman's rank-based correlation analysis. Many correlation coefficients between the variables of incidence (BBP) and severity (BBI), and the quantitative variables characterizing climate and nutrients in soil and tissue of broccoli heads were of different sign and magnitude for seeded and transplanted broccoli plants and for the N fertilization levels considered separately (Tables 2 and 3 ). Therefore, seeded and transplanted broccoli plants did not appear to respond similarly to their environment regarding brown bead.
Variables expressing incidence and severity of brown bead in transplanted broccoli plants were often correlated with meteorological variables (Tables 2 and 3 ). Brown bead incidence and severity decreased in transplanted plants as minimum and maximum temperature increased. With all fertilization levels considered together, BBP was negatively correlated with MINBU (r = -0.300 ). For all N fertilization levels considered together, the percentage of heads with brown bead symptoms was often negatively correlated with the amounts of water supplied to the plots, particularly during periods close to maturity (r = -0.313 ** for the direct-seeded plants and r = -0.414 ** for the transplants; Table 2 ). The severity index increased as wa- . Therefore, a regular supply of water appeared to be an important factor to decrease the incidence and severity of brown bead.
For seeded broccoli plants, BBP and BBI tended to be positively correlated with tissue K, Mg, and Fe concentrations in the head and negatively correlated with tissue Ca and Cu concentrations (Tables 2 and 3) . BBI tended to be negatively correlated with tissue Mo concentration.
Stepwise multiple regression. Regression models predicting the percentage of heads with brown bead symptoms were different for the direct-seeded and the transplanted broccoli plants (Tables 4 and 5 ). The variables selected also differed among the models developed at each level of N fertilization. For all N fertilization levels considered together, 76% of the variation in the percentage of heads with brown bead symptoms was explained by 11 variables for direct-seeded broccoli plants (n = 104), and 69% by five variables for transplanted broccoli plants (n = 44).
The Mg concentration in the tissue of heads at maturity was an important variable closely related to both BBP and BBI for direct-seeded broccoli plants. For these plants, solar radiation between the button stage and maturity was important in predicting BBP as that climatic variable entered as first or second regressor in the models (Table 4) . More solar radiation during this period, which probably induced an increased transpiration, meant more heads with brown bead. The amounts of rain and irrigation water were also important in predicting BBP for direct-seeded broccoli, a greater supply of water resulting in fewer heads with brown bead.
For transplanted broccoli plants, minimum air temperature at time close to maturity was a key variable to predict BBP, that climatic variable being selected twice as the first regressor to enter the model (Table 4) . The average minimum temperature between the button stage and maturity represented 49% of the variation of the BBP variable at the 85-54-0 N fertilization level, and 43% at the 85-54-54 N fertilization level. Otherwise, the variables associated with maximum air tempera- ture did not appear in the models predicting BBP. Soil Ca was important in predicting BBP and BBI. That soil nutritional variable entered in the third position when all N fertilization levels were considered together, and in the first position at the 85-0-0 level for predicting BBP. Further, the soil Ca variable entered in the second position when all N fertilization levels were considered together and in the first position at the 85-54-108 level for predicting BBI (Tables 4 and 5 ).
Variables that did not intervene in any model included: Mn in broccoli head tissues (direct-seeded and transplanted plants) and soil (transplanted plant), soil K (direct-seeded or transplanted plants), and soil Fe (directseeded plants).
Discussion
Transplanted and direct-seeded broccoli plants did not respond in the same way to their surrounding environment with regards to brown bead. Seedlings growing in the restricted area of a multicell have an underdeveloped root system that tends to grow more in the upper horizons of the field soil. Transplanted plants are more sensitive to soil conditions in the plow layer (0-30 cm) than direct-seeded plants, which are more likely to exploit deeper soil horizons (30-60 cm) (NeSmith, 1999) . Therefore, it is not surprising that field conditions promoting the fast development of a transplanted broccoli crop, which has to recover from the transplanting shock, would tend to produce less brown bead. In contrast, high air temperature and fast development have often been associated with high incidence of brown bead (Hildebrand, 1994; Steta, 1987) . In protected conditions, the average maximum temperature during the 5 d preceding commercial maturity was found to be highly correlated with the percentage of broccoli heads with brown bead . For instance, 10% of the heads had brown bead at 30 °C compared with 50% at 36°C
. In our study, the transplanted broccoli plants were produced early in the season and harvested before the warmest periods of the summer. We found a negative correlation between the development rate to commercial maturity and the percentage of heads with brown bead Table 3 . Spearman rank-based correlations between the index of brown bead severity and quantitative variables related to climate and nutrient content of soil and tissue for seeded vs. transplanted broccoli, the four levels of N fertilization considered separately and all together z . in the direct-seeded plants (r=-0.305 ** ) and in the transplanted plants (r=-0.542 ** ). Within an optimum temperature range, the development rate usually increases linearly with the average air temperature (Arnold, 1959; Tan et al., 2000) . Linear heat unit models have been developed for many crops under this assumption. Therefore, higher, though not extreme, air temperatures favoring the fast development of broccoli may have resulted in a decrease of brown bead incidence. Evidently, maximum temperature during the 5 d prior to maturity was not of primary importance to predict the percentage of heads with brown bead or the severity of symptoms (Tables 4  and 5) .
Whereas meteorological variables were Table 4 . Stepwise multiple regressions in which the percentage of heads with brown bead symptoms is explained by climatic and nutritional variables for seeded vs. transplanted broccoli plants, the four levels of N fertilization considered separately and all together.
All N fertilization levels 85-0-0 8 5 - strongly associated with brown bead incidence for transplanted broccoli plants, tissue nutrient content appeared to be more strongly associated with brown bead in the case of direct-seeded broccoli. Calcium and its antagonistic dynamics with K and Mg have already been pointed out in the few papers published on brown bead. The physiological disorder was associated with rapid growth and the resulting nutritional imbalance, including Ca deficiency (Steta, 1987) . However, Pascual et al. (1996) reported that florets with brown bead had higher Ca and Mg content and lower K content, whereas the K : (Ca+Mg) ratio was higher in healthy florets. In our study, there was no evidence of a relationship between the K : (Ca+Mg) ratio and the variables characterizing brown bead. Furthermore, low levels of Ca and high levels of K and Mg in the head tissues at maturity resulted in a high incidence and severity of brown bead in direct-seeded broccoli plants. These results confirm those of Steta (1987) , who associated the incidence of brown bead with low levels of Ca in the plant and, to some extent, those of Maroto et al. (1993) , who reported that foliar applications of calcium chloride decreased brown bead incidence in some cases.
Developing reproductive tissues, or vegetative tissues enclosed around older leaves, are disadvantaged in the allocation of Ca in plants (Barta and Tibbitts, 2000) . Most Cainduced disorders are caused by a general disintegration of membrane structures, with Table 5 . Stepwise multiple regressions in which the index of brown bead severity is explained by climatic and nutritional variables for seeded vs. transplanted broccoli plants, the four levels of N fertilization considered separately and all together.
All N fertilization levels 85-0-0 8 5 - meristematic tissues being affected first (Kirby and Pilbeam, 1984) . Calcium is an immobile element recognized to be mainly translocated from roots through the xylem by mass flow (Clarkson, 1984) . This mass flow results from transpiration, root pressure, and diurnal changes in water stress (Marschner, 1983) . Most of the water flux is channeled to leaves exposed to the sun for transpiration, which contributes to the global cooling of the plant. Developing tissues fed by the phloem are often disadvantaged by this competition from transpiring tissues. Competition between sinks, such as buds, and developing leaves and fruits is high when Ca in the xylem is low and transpiration is high (Clarkson, 1984) . It is then likely that broccoli florets are susceptible to Ca deficiencies. Futhermore, excessive K and Mg are likely to aggravate Ca deficiencies within the plant metabolism (Cubeta et al., 2000; Jakobsen, 1993; Mengel and Kirby, 1987) .
Conditions promoting the fast development of transplanted broccoli, including high spring air temperature and a regular supply of water from the button stage to maturity, tended to decrease brown bead incidence in broccoli.
An adequate supply of N fertilization in the range of 85-54-54 or 85-54-108, along with moderate applications of K and Mg, should be considered by the grower to prevent brown bead incidence of broccoli. Whenever the development rate of broccoli is interrupted by various causes, including insufficient N, water, Ca, or unfavorable temperature conditions, brown bead will be more present in the fields. Future studies should verify whether foliar applications of Ca provide another part of the solution. Also, the relationships between flower abortion in broccoli and nutrient limitations, changes in temperature, and plant growth rates could be investigated under controlled conditions.
